Abstract. The gravitational settling of inhomogeneously suspended particles in fluid has been investigated. Of particular interest is whether collective or individual motion of particles is dominant during their settlings, i.e., whether the particles settle as a continuous suspension or they settle individually relative to surrounding fluid. We observed the settling of a stratified suspension which has the lower and upper concentration interfaces in quasi-two dimensional vessel. In some cases, the suspension behaves perfectly as a continuous fluid and the motion of the constituent particle is subject to bulk flow caused by the interfacial instability. In other cases, the particle behaves individually relative to surrounding fluid. The existence of concentration interface plays a significant role in these extreme behaviors of suspension. The transition from the collective to individual behaviors can be predicted quantitatively by a parameter which expresses the border resolution of concentration interface.
Introduction
The gravitational settling of suspended particles in fluid can be found not only in natural phenomena but also in engineering processes such as accumulation or separation of particulate materials. If particles are suspended homogeneously in fluid and their density is higher than that of the fluid, the particles move downward relative to the surrounding fluid and the variation of the concentration evolves one-dimensionally along the gravitational direction [1] . The settling velocity of suspended particle varies with local concentration due to hydrodynamic interactions with their surrounding particles [2] . In general, hydrodynamic interactions between particles are long-ranged under conditions of low particle Reynolds number, since the disturbed flow by the motion of individual particles decays inversely proportional to the interparticle distance [3] . Particularly the settling motion of fine particles is greatly influenced by the hydrodynamic interaction because of their small inertia (low Stokes number) in addition to low particle Reynolds number.
In the gravitational settling of fine particles, not only does the hydrodynamic interaction affect the mean settling velocity but also it induces the velocity variance of suspended particles. The resultant fluctuating motion brings about the diffusion of settling particles, which is called hydrodynamic diffusion. A lot of experimental and theoretical studies concerned with the hydrodynamic diffusion have been performed and have been found that the diffusivity of particles has a strong anisotropy and is influa e-mail: harada@eng.hokudai.ac.jp enced by many factors such as the particle size, the vessel size and so on [4] [5] [6] [7] [8] [9] [10] .
In case that particles are suspended in fluid with spatial concentration variations, the settling behavior is more complicated. In particular, if the suspension has a concentration interface, which is apparent interface between suspension and pure liquid, the relative motion of particle is much more enhanced and it brings about the macroscopic motion of suspension. One typical example is a well-known Boycott effect [11] . When the suspended particles settle in an inclined tube, the settling velocity is much larger than that in a vertical tube. One of the reasons of such a rapid settling is fluid convection caused by the concentration gradient. This convection effect is enhanced most if the system has concentration interface. The other example is falling clouds of particles in liquid. Some researchers have found the interesting motion of particle clouds such as torus formation, cloud breakup or leakage of particles [12] [13] [14] [15] . These motions occur under the influence of the concentration interface which borders the particle clouds.
A horizontally-stratified suspension is also a typical example of inhomogeneous suspensions with concentration interfaces. In a stratified suspension with the positive concentration gradient against the gravity, the interfacial instability occurs at the suspension-fluid boundary and it brings about a lateral variation of the concentration [19] [20] [21] [22] [23] . In this case, the suspension behaves as an immiscible fluid even though there is no distinct border with pure fluid. The motion of suspended particles is subject to bulk flow caused by the instability and the settling velocity becomes far from that of an isolated particle.
The purpose of this study is to investigate whether collective or individual motion of particle is dominant during the settling of an inhomogeneous suspension, and what decides these contrastive behaviors. We have investigated the settling of a stratified suspension which has both the upper and lower interfaces of concentration in quasi-two dimensional vessel. We measured the settling velocity of particles near the concentration interface and examined whether the particles settle collectively as a continuous fluid or as individual bodies relative to surrounding fluid. Figure 1 shows the schematic diagram of experimental apparatus. The test cell is a quasi-two dimensional vessel with a height L = 240mm and a width W = 100mm. The vessel is made by acrylic plates except for the front glass. The vessel thickness D is adjustable from 3 to 12mm. There are two slits on the back side of the vessel for stainless steel blade insertion. The thickness of the blade is 0.5mm and the distance between two blades L S is 19.5mm. The lower blade separates the lower pure fluid and suspension, while the upper blade separates the upper fluidsuspension. Therefore the distance between blades corresponds to the initial height of the stratified suspension.
Experimental method
The experimental procedure is as follows. At first pure fluid is filled into the lower part of the vessel and then the lower part is closed by the lower blade. Next suspension is poured into the vessel above the lower blade until the surface reaches the position of the upper blade. Finally the upper blade is put into the vessel and the pure fluid is filled above it. Consequently, a stratified suspension is held between two blades. To begin an experiment, the stainless steel blades are removed backward simultaneously. The settling behavior of particles near the center of the vessel is recorded by a digital video camera.
The suspension contains silicone oil and glass or polystyrene particles. The diameter of particle is d p = 30 or 100µm for glass and d p = 550 or 800µm for polystyrene. The mass density of glass and polystyrene is ρ p = 2500 and 1050 kg/m 3 respectively. The suspension is mixed by stirring for several hours and is deaerated at constant temperature (22 ± 1C
• ). The silicone oil (density ρ f = 972kg/m 3 , viscosity µ f = 0.97 or 1.94Pa·s) is used for making suspension. The constituent fluid of the suspension is the same as the upper and lower fluid. Therefore the stratified suspension can be interpreted as partially suspended particles in a pure fluid.
As described below, the Stokes settling velocity U 0 on our experimental condition is in the range of 10 −4 -10
mm/s. In order to verify whether the uniformity of the suspension is kept during the experimental setting, we estimate the settling distance of particles during the setting. The period from the filling of suspension to the removal of blades is a few minutes. We can estimate the maximum settling distance of particle during this period at a few particle size in all conditions. Therefore we consider the uniformity of the suspension to be maintained during preparation.
Results and discussion

Settling behavior of stratified suspension
Experiments were conducted by various combinations of particle and fluid in addition to changing particle concentration ϕ and vessel thickness D. Table 1 shows the conditions of each experiment, e.g. the particle diameter d p , the particle volumetric concentration ϕ, the fluid viscosity µ f and the vessel thickness D. The particle density ρ p and fluid density ρ f are already described in the above section. The Stokes settling velocity for a single particle U 0 is also shown in the Table 1 . The particle Reynolds number Re = ρ f d p U 0 /µ f is less than 10 −4 in all cases. Figure 2 shows typical examples of settling behavior of suspension. As seen in Fig.2 , unevenness of the lower interface develops with time, while the upper interface remains almost flat. The flat upper interface is due to a self-sharpening effect which results from the dependency of the settling velocity on the local particle concentration [1] . The unevenness of the lower interface is obviously a gravity-induced instability (Rayleigh-Taylor instability). Some researchers have reported that such an instability occurs at the suspension-fluid boundary even though there is no distinct interface between them [19] [20] [21] [22] [23] .
In case of small particles (Fig.2a) , the suspension behaves like immiscible fluid and finger-like perturbations clearly can be found. It should be emphasized again that the system considered here is partially suspended particles in pure fluid since the suspension is made of the same fluid as the upper and lower ones. Therefore there is no defined border between suspension and fluid. We call such a continuum behavior a fluid-like settling of suspension. On the other hand, in case of large particles (Fig.2c) , the suspension-fluid interface is less distinct and the suspended particles settle individually. We call this settling behavior a particle-like settling of suspension. The settling velocity of constituent particle is greatly influenced Fig. 2 . Settling behaviors of stratified suspension in quasi-two dimensional vessel; (a) glass particles (dp = 30µm, ϕ = 0.03, D = 8mm), (b) polystyrene particles (dp = 550µm, ϕ = 0.1, D = 8mm) and (c) polystyrene particles (dp = 800µm, ϕ = 0.01, D = 12mm). Detailed conditions are found in Table 1 (conditions (A), (B) and (C) respectively). For quantitative discussions of the settling velocity, the growth of finger-like perturbation (finger) was measured by image analysis. Figure 3 shows the change in the average length of fingers with time under the same conditions of Fig.2 . The finger length was defined as the distance between the position of the lower blade (initial position of the lower boundary of suspension) and that of the undermost particle in each finger. In case that the fingers are ill-defined, once we recognized them from pictures at which time the fingers fully grow up, and then measured their length for each instant of time. w The fingers grow exponentially at the beginning and then the growth velocity becomes constant in all cases. The exponential growth of fingers is characteristic of the Rayleigh-Taylor instability of immiscible fluids and the finger length is defined as z = z 0 exp(nt), where n is the growth rate. We can define two experimental values which express the settling speed of particles. One is the initial growth rate of fingers n exp , which is obtained from the fitting of exponential function to the beginning of the experimental results. The other is the succeeding settling velocity U exp , which is defined as the time rate of change in finger length at a later stage as shown in Fig.3 .
If the suspension behavior is perfectly particle-like, the succeeding growth velocity U exp is expected to be in the same order of magnitude as the Stokes settling velocity U 0 . We compare the experimental results from this point of view. The ratio U exp /U 0 on cases (a)-(c) is 535, 8.04 and 1.91 respectively. This implies that U exp /U 0 is an indicator of independent settling of particles. That is, the settling behavior on case (c) is more particle-like than case (a). More quantitative discussions are given later.
Instabilities of fluid-like settling of suspension
In order to understand the fluid-like settling of suspension shown in Fig.2(a) . 4 . Dominant wave number kmax calculated by linear stability analysis and corresponding wave length λ = 2π/kmax for glass particle-silicone oil suspension (dp = 30µm, ϕ = 0.03) with various vessel thickness D. Detailed conditions are found in Table 1 (conditions (A), (D) and (E) respectively).
cell [16] [17] [18] . Völtz et al. [19] [20] [21] have studied systematically the gravitational settling of fine particles in narrow channel. They have reported that the Rayleigh-Taylor instability at suspension-fluid interface could be predicted by linear stability analysis of immiscible viscous fluids. We also performed the stability analysis by the method proposed by them [20] . The suspension is assumed to be a continuous fluid having apparent density and viscosity. The interfacial tension between suspension and pure fluid is set to be zero. The system has finite space in gap direction (y) while it is infinite in lateral (x) and vertical (z) directions. On the assumption that the vessel has narrow gap, the velocity in y direction is set to be zero and the velocity and density fluctuation has parabolic Poiseuille profiles as [20, 24] where k is the wave number of disturbance and n is the growth rate. ζ(y) indicates a parabolic function defined by ζ(y) = 6 (
Substituting these equations to Stokes equation (linearized NavierStokes equation) and continuity equation and averaging over y direction, we obtain the relation between k and n;
whereν is kinematic viscosity and subscripts 1 and 2 indicate the lower and the upper fluid respectively. α, β and q are defined as
If the vessel thickness D approaches infinity, β tends to zero and consequently Eq.(1) is close to well-known k-n relation for infinite space described in Ref. [25] . For suspension-pure fluid case, we setρ 1 ,ν 1 (lower fluid) to be properties of pure fluid ρ f , ν f and setρ 2 ,ν 2 (upper fluid) to be apparent properties of suspension ρ s = (1 − ϕ)ρ f + ϕρ p and µ s = (1+2.5ϕ)µ f . Calculating Eq. (1) by Newton-Raphson method, the growth rate n for a given k is obtained. Figure 4 shows the relation between the wave number k and the growth rate n calculated by Eq.(1) for glass particle-silicone oil suspension (d p = 30µm, ϕ = 0.03 and µ f = 1.94Pa·s) with various vessel thickness D. The theoretical analysis indicates that the wave number of the fastest-growing disturbance k max depends on D. Fig.4 also shows the experimental pictures corresponding to the theoretical conditions. The solid line in each picture indicates the wave length of the fastest-growing disturbance λ = 2π/k max predicted by the theoretical results. The theoretical predictions are in quantitative agreement with the finger width observed in the experiment. These results indicate that the disturbance with the largest growth rate survives among various disturbances of initial suspensionfluid interfaces.
As reported by Völtz et al. [20] , if the particle size is adequately small, the suspension behaves perfectly fluid-like and the growth rate obtained by experiment n exp would be close to the theoretical growth rate of the fastest-growing disturbance n theo . The ratio n exp /n theo for case (a)-(c) shown in Fig.2 is 0.87, 1.88 and 6.27 respectively. This implies that n exp /n theo is an indicator of fluid-like settling, i.e., the settling behavior on case (a) is more fluid-like than case (c).
Transition from fluid-like to particle-like settling
Here we pay attention to the transition from such fluidlike behaviors of suspension to individual behaviors of constituent particles. In order to find what decides the settling behavior of suspension as fluid-like or particle-like, we consider the parameter which describes the transition from fluid-like to particle-like settling of suspension. This parameter is obviously related to particle density ρ p , particle diameter d p , liquid density ρ f , liquid viscosity µ f , particle concentration ϕ and vessel thickness D.
Since the visual difference between two extreme behaviors ( Fig.2(a) and (c) ) is the sharpness of interface, we propose a parameter which expresses the border resolution of concentration interface;
where l is the average distance between particles in suspension and λ is the wave length of the fastest-growing perturbation (finger width), which can be obtained from linear stability analysis. Figure 5 indicates the physical meaning of Eq.(2). It can be found that the parameter expresses the border resolution of concentration interface. That is, when H is large, the particles in suspension cannot form the finger clearly. The average distance between particles l is obviously a function of d p and ϕ and ap-
On the other hand, as found in Eq.(1), the wave length λ is a function of ρ p , ρ f , µ f , ϕ and D. Consequently H contains all six properties described above. Figure 6 shows n exp /n theo and U exp /U 0 obtained from 14 experiments with variation of the fluid and particle properties and also the vessel thickness. The horizontal axis is set to be the parameter H given by Eq.(2). As can be seen in Fig.6 , n exp /n theo is around unity, while U exp /U 0 indicates larger value for H < 0.03. These results indicate that the suspension perfectly behaves like fluid in this region. On the contrary, U exp /U 0 is around unity and n exp /n theo is apart from unity for H > 0.2. These results suggest the particle-like settling of suspension for larger H. We can classify the settling behaviors of suspension as fluid-like, particle-like settlings and their transition by H. Figure 6 also indicates some pictures of the settling behavior of suspension. We can understand visually that this parameter is reasonable to classify the settling behavior.
The similar collective motion of particulate suspension has been studied on the settling of particle clouds in viscous fluid. Some researchers pointed out that the collective motion of particle clouds can be explained by the swarm of Stokeslet [12] [13] [14] . They found that the particle clouds behaves collectively when the number density of particle (Stokeslet), which describes the discretization inside the clouds, is sufficiently large. If l is expressed by number density of particles N = 6ϕ/πd
. Therefore H is interpreted as the discretization by the number density N to the given lengthscale λ, which is consistent with the previous studies. One more interesting similarity to previous study is about the settling velocity. Adachi [15] reported that the particle clouds settle as one body when the ratio of the settling velocity to that of an isolated particle is larger than 16. This can be interpreted as one aspect of the threshold for collective motion of clouds. As found in Fig.6 , the settling velocity U exp /U 0 is larger than 15 in the fluid-like region. These thresholds are quite similar even though the system studied here is considerably different from his system.
Conclusions
The gravitational settling of inhomogeneous suspensions in quasi two-dimensional vessel was investigated experimentally. We have examined whether the suspension behave as a particle assembly (particle-like settling) or as a continuous fluid (fluid-like settling). The results shown here indicate that sometimes the suspension behaves perfectly as a continuous fluid, while in other times, the particle behaves individually relative to surrounding fluid. The transition of these contrastive behaviors is determined by the border resolution of concentration interface. These results may provide important insight into the collective motion of particulate suspension.
